MIDAS, the Micro-Imaging Dust Analysis System 13, 14 , is the first space-borne atomic force microscope (AFM) and a unique instrument designed to measure the size, shape, texture and microstructure of cometary dust. Flying on the Rosetta spacecraft, it collects dust on sticky targets during passive exposures and images its three-dimensional topography with an unprecedented nanometre to micrometre resolution 13 .
. Here we report in situ measurements of dust particles at comet 67P/Churyumov-Gerasimenko. The particles are aggregates of smaller, elongated grains, with structures at distinct sizes indicating hierarchical aggregation. Topographic images of selected dust particles with sizes of one micrometre to a few tens of micrometres show a variety of morphologies, including compact single grains and large porous aggregate particles, similar to chondritic porous interplanetary dust particles. The measured grain elongations are similar to the value inferred for interstellar dust and support the idea that such grains could represent a fraction of the building blocks of comets. In the subsequent growth phase, hierarchical agglomeration could be a dominant process 10 and would produce aggregates that stick more easily at higher masses and velocities than homogeneous dust particles 11 . The presence of hierarchical dust aggregates in the nearsurface of the nucleus of comet 67P also provides a mechanism for lowering the tensile strength of the dust layer and aiding dust release 12 . MIDAS, the Micro-Imaging Dust Analysis System 13, 14 , is the first space-borne atomic force microscope (AFM) and a unique instrument designed to measure the size, shape, texture and microstructure of cometary dust. Flying on the Rosetta spacecraft, it collects dust on sticky targets during passive exposures and images its three-dimensional topography with an unprecedented nanometre to micrometre resolution 13 .
Cometary dust was first collected in mid-November 2014. Here, we focus on particles collected from then until the end of February 2015. The collected particles cover a range of sizes from tens of micrometres down to a few hundred nanometres, and have various morphologies, from single grains to aggregate particles with different packing densities. Five examples are presented here. Figure 1 shows topographic images (height fields) of three particles (A, B and C). We refer to particles A and C as compact, because their sub-units (hereafter grains) are tightly packed; particle B appears to be a homogeneous grain. The next example (D) is also a compact particle, scanned with a higher lateral resolution of 80 nm (Fig. 2) -a factor four better than the previous scan. The final particle (E), presented in Fig. 3 , is best described as a loosely packed, 'fluffy' aggregate comprising many grains. Detailed collection times and geometries for all particles can be found in Extended Data Figs 1-3 .
Aided by the three-dimensional nature of the data, individual grains can be identified, as shown in Figs 1b, 2b and 3b. The properties of these particles and their grains are summarized in Table 1 for particles A-D and in Fig. 3d for particle E. Because particle E extends beyond the edge of the scanned area, only lower limits for its dimensions can be given. All further calculations and discussion refer to only this visible region. in size, again similar to the grains in A-C. However, the higher resolution reveals that this micrometre-sized particle is itself an aggregate of smaller units; seven grains can be resolved, with sizes ranging from . The visible part of particle E has a maximum extent of 14 μ m in the x direction and 37 μ m in the y direction. Analysis of its component grains (Fig. 3d) shows sizes in the range from . , with the grain heights ranging between 0.2 μ m and 3 μ m and with 90% smaller than 1.7 μ m. These measurements are evidence for a continuation of the aggregate nature of dust particles below the size range observed by the COSIMA (Cometary Secondary Ion Mass Analyser) instrument on-board Rosetta (tens to hundreds of micrometres) 15 . Particle E also shows a morphology that is strongly reminiscent of stratospheric, chondritic porous interplanetary dust particles (IDPs), which have long been suspected of having a cometary origin. This link is consistent with observations by COSIMA for larger dust particles, which also measured similar compositions for dust at comet 67P and IDPs 15, 16 . One notable difference to IDPs is the extremely flat nature of particle E, which has a height that is an order of magnitude lower than its (minimal) lateral dimension. Indeed, all of the particles presented here have flattened shapes to some degree (see Table 1 ). It is not yet clear if this is an intrinsic property of cometary dust or the result of a rearrangement of grains on impact. COSIMA has observed that sub-millimetre aggregate particles undergo rearrangement of their grains on impact, producing flattened shapes 15 . Additionally, COSIMA collected small, apparently compact particles that are also flat, but the resolution is insufficient to determine if they are single grains or aggregates. On the other hand, cluster-cluster aggregation with rotating grains can form elongated structures with very high aspect ratios 17 , and laboratory experiments have produced dust "flakes" 18 . Investigation of the size distribution of chondritic porous IDPs and fine-grained material returned by the Stardust mission 19, 20 showed that the majority of their component grains are smaller than 500 nm (refs 20, 21) . Figure 3d shows that 90% of the grains in particle E are smaller than 2 μ m, comparable to the size of particle D, which is itself built from grains smaller than about 500 nm. This result suggests that the grains of the fluffy aggregate particle E are also aggregates of submicrometre components similar to those in chondritic porous IDPs, and points towards a hierarchical structure. Hierarchical growth (that is, aggregates of smaller aggregates) has been proposed as a growth mechanism in the protoplanetary disk when fragmentation of larger particles provides a population of smaller aggregates available for agglomeration 10 . The sticking probability of such particles can be higher than that of homogeneous dust for a given mass and velocity and need to be accounted for in models of dust particle growth 11 . Hierarchical aggregates have also been invoked to produce a surface layer of cometary dust with sufficiently low tensile strength to allow for dust release 12 . Because MIDAS provides real measurements of the grain shapes, it is possible to evaluate which models support the observations. The elongation of the grains is found by calculating the ratio of the longest and shortest perpendicular axis. Further details are described in Methods.
For particle E, the grain heights are almost all smaller than their in-plane diameters, suggesting that it comprises a single layer of grains, allowing accurate grain heights to be determined. The elongation is calculated for 114 grains (the 11 omitted grains show strong distortions due to tip convolution), giving an average elongation of . − . + .
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1 90 (that is, the largest axis is three times longer than the smallest; the uncertainties represent a worst-case estimate containing 1σ statistical errors and systematic uncertainties). The compact particles show similar values (Table 1) .
Elongated grains are considered in several models of cometary dust. For example, it has been suggested 22 that comets aggregate from interstellar grains. In ref. 22 , the dust grains were modelled as cylinders with aspect ratios of 2-4, and good agreement was found between light scattering experiments and observations. Other works have similarly demonstrated good agreement between simulations using aggregates of spheroidal particles and observational data 23, 24 . The elongated nature of interstellar dust can be inferred from linear polarization of starlight due to partially aligned grains 25 . The core-mantle structure proposed for interstellar and cometary dust 26 cannot be confirmed by MIDAS data alone, but the elongation measurement supports the idea of a common precursor grain, or growth mechanism.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. d is the diameter of a circle with equivalent area to that of the particle or grain; zmax is the maximum height above the substrate surface. The errors of the diameters are given as the linear addition of the 1σ statistical uncertainty and the systematic uncertainty, and the errors of the elongation are given as the worst-case estimate; see Methods for further details. For particle A grain 3 and particle D grains 4, 6 and 7, the maximal elongation is found for the ratio of the two lateral dimensions that are attached with especially large uncertainties. Therefore, an accurate elongation cannot be given for particle A grain 3 and the elongations of the grains of particle D have large uncertainties. MIDAS operates in a slightly different way from most terrestrial AFMs, by making a careful approach to the sample at each pixel position and then moving away by a so-called retraction distance before moving to the next pixel, resulting in long scan times and possible distortion 13, 14 . Distortion correction is performed using scans of on-board calibration targets, and polynomial background correction is used to remove height drifts. This procedure was performed with the data used to produce Figs 1 and 3 . The scan shown in Fig. 2 was much shorter and no substantial distortion was observed; hence, only background subtraction was performed. Particle and grain heights are measured relative to the substrate surface, which is very clear for Figs 1 and 2, but the zero reference level had to be set manually for each grain in Fig. 3 , because the steps would otherwise distort the measurements.
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The lateral extent of particles and grains is characterized by an effective size (d), which is the diameter of a circle with the same area as the projection of all pixels forming the unit; unless stated otherwise, all references to size refer to this effective value. The peak height (z max ) is the maximum elevation above the target for a given grain. Identification of particles and their sub-units is performed by visual inspection of the calibrated data and, when necessary, cross-sections through the three-dimensional data are used; see Extended Data Fig. 4 .
For particle E (Fig. 3) , a manual levelling of the surface was necessary, owing to the visible steps (imaging artefacts). Repeating this manual levelling process several times showed that the induced error was negligible. In addition, the height of a grain can be measured precisely only if the grain is directly on the surface and not on another grain. For particle E, most of the grains seem to fulfil this requirement, because the mean heights of the grains are smaller than their mean diameters. Error analysis. In principle, because AFM tips cannot be infinitely sharp, the size of every particle is overestimated, owing to the tip sample convolution (that is, the recorded image reflects a combination of tip and sample shapes). For example, a cone-shaped tip with a large opening angle artificially broadens features, as depicted in Extended Data Fig. 5 . The convolution uncertainty is generously estimated here to give an upper limit. Because the particle diameter cannot be underestimated by this convolution, the uncertainty interval becomes asymmetric. This systematic uncertainty is linearly added to the 1σ statistical uncertainty generated by the identification of the grains in the scan. Values for sizes and respective uncertainties quoted in the text for all particles, depicted in Fig. 3d for particle E and presented in Table 1 for particles A-D, reflect this calculation.
The elongation of particles and grains is calculated by determining their equivalent ellipse (the ellipse with the same second-order moments) and choosing the maximum ratio of the largest to smallest of (i) the height of the particle to the major axis, (ii) the height to the minor axis and (iii) the ratio of the major and minor axes. The uncertainties in these ratios take into account the 1σ statistical uncertainty due to the manual masking of the particles and the systematic uncertainty due to the tip-sample convolution for the axis lengths. The ratio of the major to minor axis suffers from a large convolution uncertainty that, in some cases (typically particles with steep slopes), prevents a clear statement about the orientation. In these cases, no elongation is given. The final uncertainty for the ratio is a worst-case estimate that overestimates the uncertainty for non-isolated flat grains. Code and data availability. Extended Data Table 1 summarizes the key parameters for the AFM scans used to produce Figs 1-3 . The filenames listed refer to products available in the ESA Planetary Science Archive where all data used here are freely available (http://www.cosmos.esa.int/web/psa/rosetta). The open-source package Gwyddion 28 was used to perform calibration, grain identification and analysis throughout this paper (http://gwyddion.net/).
